ABSTRACT Dragonfl ies are insects fi tted with two pairs of wings: a narrower pair located on the front side and a wider pair located behind. The geometry of these wings has been studied by other authors, but differences between these are visible, showing structural differences designed by nature. The aim of this paper was to compare the structural behaviour (stress and strain) of both pairs of dragonfl y wings. The wings were simulated as grids supported in the animal body, according to natural geometry. The results show that the wings are composed of elements from 3 to 7 faces, and although similar to each other, there are some differences in structure and geometry between them: (i) the posterior wings support greater load because they have larger area (x2.4); (ii) the number of main structures connecting with the body in both is eight; (iii) the main connections in the anterior wings are closer, favouring the direction of fl ight; (iv) the posterior wings are set closer to the center of gravity of the insect, which causes the body weight to be supported by these wings, the anterior wings getting to the manoeuvres of fl ight; (v) analysis shows that the anterior wings support more concentrated efforts, while the posterior wings, due to their larger area, have reduced stress; (vi) the same is said of deformations, where the anterior wings deform more than the posterior wings (x2.4). Nature designed dragonfl y wings with different geometry and function, in which the anterior wings are responsible for handling the fl ight, and the posterior wings are responsible for sustaining the animal's body. The ratio between the number of frames and the number of joints is equal to the number of gold (1.618).
INTRODUCTION
Natural structures will always be an inspiration to humans. They can either be the structure of a robust tree trunk, or the delicate structure of an amoeba, the underlying idea in each structure will always inspire the human creativity [1, 2, 3] .
Dragonfl ies, theme of this pleasant Conference, fascinate by their colours, speed, fl exibility and lightness. They are part of a group of animals ( Fig. 1) , with nearly 5,000 species and subspecies belonging to the arthropod phylum, class insecta, order odonata, and two suborders: Anisoptera and zigoptera. [4] . There are some differences between the suborders, and the greatest interest; here, refers to the dimensions and geometry of their wings. The anisoptera, Fig. (a) , have wings of the same order of magnitude, and zigoptera, Fig. (b) , have different wings.
Thus, this paper deals with the comparative structural analysis of anterior and posterior wings of a dragonfl y, suborder anisoptera. The analysis was performed by employing the Stiffness Method, using the Structural Analysis Program (SAP90) [5] . The wings were considered as grids embedded in the trunk of the animal. We sought to compare mainly the efforts and deformations of joints and frames.
MATERIALS AND METHODS
A dragonfl y was employed to obtain the design of a structure (Fig. 2) . The drawing lines represent the frames, and the intersections represent the structural joints (observe the defect highlighted on posterior wing: Fig. 2 , yellow circle; may be this is not exactly a defect, but a human limitation in understanding nature!).
The dragonfl y wing consists of an exoskeleton connected by membranes, which makes it look like a ribbed slab. Here, the wing was calculated as a grid through the Stiffness Method under static loads. In a second moment, the analysis calculates the wing as a ribbed slab using the Finite Element Method and dynamic loading conditions. Figure 3 below shows the numbering of the joints and frames of the posterior wing. In this fi gure, it is possible to understand the diffi culty of enumerating the large number of these elements. The quantities of joints, frames and arrays equations of each wing are seen in Table 1 below. An interesting observation: the ratio between the number of frames and the number of joints is very close to the known gold number (1.618), which is a very common constant detected in nature (e.g. Fibonacci series, tree leaves, reproduction of rabbits, etc. [6] ). In fact, some small frames were not considered in the calculation, which would increase the value of the relation obtained, tending to the golden number.
Two static loading conditions were considered: a loading perpendicular to the plane of the wings (suction and/or pressure of the wind); and loading parallel to the plane, acting on the posterior side of the wing (effect of wind). The value of the load was considered equivalent to a wind of 30 m/s (108 km/h; 562.5 Pa), which is the maximum wind observed in northeastern Brazil. Due to the second loading condition, that generated a very little result, only the fi rst loading was considered.
Furthermore, due to the reduced dimensions of the loads and dimensions, it was necessary to adopt the following units: (i) force: gram-force (1 gf = 9.82 -2 N) and (ii) length: millimeter (mm). Other units have been tried, but only they were able to generate signifi cant results.
3 RESULTS AND DISCUSSION Although they are of the same order of magnitude, the wings are purposely (!) a bit different. The anterior wing is longer, narrower, has a smaller area, and presents an angle of attack in its middle part. However, the posterior wing is shorter, wider, strong, and has a larger area (25%).
The robustness of the posterior wing can be observed through the presence of four hierarchical structures, similar to the fi ngers of a bat. Similarly, the anterior wing has only three of these structures (Fig. 4) . The structural analysis generated the following results: (i) deformation in the Z axis direction (parallel to the direction of gravity); (ii) bending moment in two main planes; (iii) shear force in two main planes; and (iv) torsional moment on the axis of the bar.
Two lines for representation of the deformation of the wings were chosen: (i) a line along the longitudinal axis (yellow arrow) and (ii) a line along a transverse axis near the end of the wing (red arrow), as can be seen in Fig. 5, Fig. 6 , Table 2 and Table 3 as follows:
The longitudinal direction is divided into 20 equal parts to the two wings, whereas the transverse direction was divided into 10 parts.
It is observed that the relationship between the deformation of the posterior and anterior wings rotates around 2.4, e.g. the posterior wing support 2.4 times more load than the anterior wing. In fact, while the area of the posterior wing is 550 mm², the area of the anterior wing is 410 mm², e.g. 25 percenthigher. Furthermore, the stiffness of posterior exoskeleton is greater than the anterior; this also contributes to the increased absorption by the posterior wing load.
The graph of Fig. 7 shows the deformed shaped curves of two wings in longitudinal section (Fig. 5, Fig. 6 and Table 2 ). In Fig. 7 one can see the higher deformation of the posterior wing and the parabolic shape (R² = 0.9970 and 0.9973), typical of beams in balance.
The most signifi cant efforts, of course, were obtained in the embedded parts (connection to the trunk of the animal). They are located in Fig. 8 and presented in Table 3 . The joints 90 (anterior wing) and 102 (posterior wings) have double the bending moment of the side joints (89-01 and 101-01), respectively. In fact, in these joints run two beams of the same dimension, and it is in these regions that concentrate larger frames.
CONCLUSIONS
The relationship between the number of ramifi cations (frames) of the exoskeleton of dragonfl y and their crosses (joints) closely resembles the golden number (1.618).
The deformation of the posterior wing is approximately 2.4 times larger than the anterior wing. For further effort frames, nature provides larger cross sections.
There are four strong substructures in the posterior wing, whereas in the anterior wing this value is three. 
